Introduction {#Sec1}
============

Monte Carlo (MC) event generators of hadron--hadron collisions based on perturbative quantum chromodynamics (QCD) contain several components. The "hard-scattering" part of the event consists of particles resulting from the hadronization of the two partons (jets) produced in the hardest scattering, and in their associated hard initial- and final-state radiation (ISR and FSR). The underlying event (UE) consists of particles from the hadronization of beam-beam remnants (BBR), of multiple-parton interactions (MPI), and their associated ISR and FSR. The BBR include hadrons from the fragmentation of spectator partons that do not exchange any appreciable transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$) in the collision. The MPI are additional 2-to-2 parton-parton scatterings that occur within the same hadron--hadron collision, and are softer in transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \lesssim 3\,\text {GeV} $$\end{document}$) than the hard scattering.

The perturbative 2-to-2 parton-parton differential cross section diverges like $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{p}_\mathrm{T}$$\end{document}$ is the transverse momentum of the outgoing partons in the parton-parton center-of-mass (c.m.) frame. Usually, QCD MC models such as [pythia]{.smallcaps}  \[[@CR1]--[@CR5]\] regulate this divergence by including a smooth phenomenological cutoff $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} 1/\hat{p}_\mathrm{T}^4\rightarrow 1/(\hat{p}_\mathrm{T}^2+p_\mathrm{T0}^2)^2. \end{aligned}$$\end{document}$$This formula approaches the perturbative result for large scales and is finite as $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{p}_\mathrm{T}\rightarrow 0$$\end{document}$. The divergence of the strong coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$\hat{p}_\mathrm{T}$$\end{document}$ is also regulated through Eq. ([1](#Equ1){ref-type=""}). The primary hard 2-to-2 parton-parton scattering process and the MPI are regulated in the same way through a single $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T0}$$\end{document}$ parameter. However, this cutoff is expected to have a dependence on the center-of-mass energy of the hadron--hadron collision $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$. In the [pythia]{.smallcaps} MC event generator this energy dependence is parametrized with a power-law function with exponent $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} p_\mathrm{T0}(\sqrt{s})= p_\mathrm{T0}^\mathrm{ref} \, (\sqrt{s}/\sqrt{s_0})^\epsilon , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s_0}$$\end{document}$ is a given reference energy and $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T0}^\mathrm{ref}$$\end{document}$ is the value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$, the amount of MPI depends on $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T0}$$\end{document}$, the parton distribution functions (PDF), and the overlap of the matter distributions (or centrality) of the two colliding hadrons. Smaller values of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T0}$$\end{document}$ provide more MPI due to a larger MPI cross section. Table [1](#Tab1){ref-type="table"} shows the parameters in [pythia6]{.smallcaps} \[[@CR1]\] and [pythia8]{.smallcaps} \[[@CR5]\] that, together with the selected PDF, determine the energy dependence of MPI. Recently, in [herwig++]{.smallcaps} \[[@CR6], [@CR7]\] the same formula has been adopted to provide an energy dependence to their MPI cutoff, which is also shown in Table [1](#Tab1){ref-type="table"}. The QCD MC generators have other parameters that can be adjusted to control the modelling of the properties of the events, and a specified set of such parameters adjusted to fit certain prescribed aspects of the data is referred to as a "tune" \[[@CR8]--[@CR10]\].Table 1Parameters in [pythia6]{.smallcaps} \[[@CR1]\], [pythia8]{.smallcaps} \[[@CR5]\], and [herwig++]{.smallcaps} \[[@CR6], [@CR7]\] MC event generators that, together with some chosen PDF, determine the energy dependence of MPIParameter[pythia6]{.smallcaps}[pythia8]{.smallcaps}[herwig++]{.smallcaps}MPI cutoff, $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T0}^\mathrm{ref}$$\end{document}$, at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = \sqrt{s_0}$$\end{document}$PARP(82)MultipartonInteractions:pT0RefMPIHandler:pTmin0Reference energy, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s_0}$$\end{document}$PARP(89)MultipartonInteractions:ecmRefMPIHandler:ReferenceScaleExponent of $\documentclass[12pt]{minimal}
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In addition to hard-scattering processes, other processes contribute to the inelastic cross section in hadron--hadron collisions: single-diffraction dissociation (SD), double-diffraction dissociation (DD), and central-diffraction (CD). In SD and DD events, one or both beam particles are excited into high-mass color-singlet states (i.e.  into some resonant $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathrm {N}}^*$$\end{document}$), which then decay. The SD and DD processes correspond to color-singlet exchanges between the beam hadrons, while CD corresponds to double color-singlet exchange with a diffractive system produced centrally. For non-diffractive processes (ND), color is exchanged, the outgoing remnants are no longer color singlets, and this separation of color generates a multitude of quark--antiquark pairs that are created via vacuum polarization. The sum of all components except SD corresponds to non single-diffraction (NSD) processes.

Minimum bias (MB) is a generic term that refers to events selected by requiring minimal activity within the detector. This selection accepts a large fraction of the overall inelastic cross section. Studies of the UE are often based on MB data, but it should be noted that the dominant particle production mechanisms in MB collisions and in the UE are not exactly the same. On the one hand, the UE is studied in collisions in which a hard 2-to-2 parton-parton scattering has occurred, by analyzing the hadronic activity in different regions of the event relative to the back-to-back azimuthal structure of the hardest particles emitted \[[@CR11]\]. On the other hand, MB collisions are often softer and include diffractive interactions that, in the case of [pythia]{.smallcaps}, are modelled via a Regge-based approach \[[@CR12]\].

The MPI are usually much softer than primary hard scatters, however, occasionally two hard 2-to-2 parton scatters can take place within the same hadron--hadron collision. This is referred to as double-parton scattering (DPS) \[[@CR13]--[@CR16]\], and is typically described in terms of an effective cross section parameter, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{eff}$$\end{document}$, defined as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sigma _\mathrm{AB} = \frac{\sigma _\mathrm{A} \sigma _\mathrm{B}}{\sigma _\mathrm{eff}}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{B}$$\end{document}$ are the inclusive cross sections for individual hard scattering processes of generic type A and B, respectively, and $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{AB}$$\end{document}$ is the cross section for producing both scatters in the same hadron--hadron collision. If A and B are indistinguishable, as in four-jet production, a statistical factor of 1 / 2 must be inserted on the right-hand side of Eq. ([3](#Equ3){ref-type=""}). Furthermore, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{eff}$$\end{document}$ is assumed to be independent of A and B. However, $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _\mathrm{eff}$$\end{document}$ is not a directly observed quantity, but can be calculated from the overlap function of the two transverse profile distributions of the colliding hadrons, as implemented in any given MPI model.

The UE tunes have impact in both soft and hard particle production in a given pp collision. First, about half of the particles produced in a MB collision originate from the hadronization of partons scattered in MPI, and have their differential cross sections in $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ regulated via Eq. ([1](#Equ1){ref-type=""}), using the same $\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm{T0}$$\end{document}$ cutoff used to tame the hardest 2-to-2 parton-parton scattering in the event. The tuning of the cross-section regularization affects therefore all (soft and hard) parton-parton scatterings and provides a prediction for the behavior of the ND cross section. Second, the UE tunes parametrize the distribution in the transverse overlap of the colliding protons and thereby the probability of two hard parton-parton scatters that is then used to estimate DPS-sensitive observables.

In this paper, we study the $\documentclass[12pt]{minimal}
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                \begin{document}$$1.96\,\text {TeV} $$\end{document}$ \[[@CR11]\], together with CMS pp data from the CERN LHC at $\documentclass[12pt]{minimal}
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                \begin{document}$$0.9\,\text {TeV} $$\end{document}$ data are from the "Tevatron energy scan" performed just before the Tevatron was shut down. Using the [rivet]{.smallcaps} (version 1.9.0) and [professor]{.smallcaps} (version 1.3.3) frameworks \[[@CR18], [@CR19]\], we construct: (i) new [pythia8]{.smallcaps} (version 8.185) UE tunes using several PDF sets (CTEQ6L1 \[[@CR20]\], HERAPDF$\documentclass[12pt]{minimal}
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                \begin{document}$$1.5$$\end{document}$LO), and (iii) a new [herwig++]{.smallcaps} (version 2.7.0) UE tune for CTEQ6L1. The [rivet]{.smallcaps} software is a tool for producing predictions of physics quantities obtained from MC event generators. It is used for generating sets of MC predictions with a different choice of parameters related to the UE simulation. The predictions are then included in the [professor]{.smallcaps} framework, which parametrizes the generator response and returns the set of tuned parameters that best fits the input measurements.

In addition, we construct several new CMS "DPS tunes" and investigate whether the values of the UE parameters determined from fitting the UE observables in a hard-scattering process are consistent with the values determined from fitting DPS-sensitive observables. The [professor]{.smallcaps} software also offers the possibility of extracting "eigentunes", which provide an estimate of the uncertainties in the fitted parameters. The eigentunes consist of a collection of additional tunes, obtained through the covariance matrix of the data-theory fitting procedure, to determine independent directions in parameter space that provide a specific modification in the goodness of the fit, $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi ^2$$\end{document}$ (Sect. [2](#Sec2){ref-type="sec"}). All of the CMS UE and DPS tunes are provided with eigentunes. In Sect. [4](#Sec9){ref-type="sec"}, predictions using the CMS UE tunes are compared to other UE measurements not used in determining the tunes, and we examine how well Drell--Yan, MB, and multijet observables can be predicted using the UE tunes. In Sect. [5](#Sec15){ref-type="sec"}, predictions of the new tunes are shown for UE observables at $\documentclass[12pt]{minimal}
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The CMS UE tunes {#Sec2}
================

Previous UE studies have used the charged-particle jet with largest $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Z} $$\end{document}$ boson \[[@CR11], [@CR26]\] as the leading (i.e. highest $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$) objects in the event. The CDF and CMS data, used for the tunes, select the charged particle with largest $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ in the event ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}^\mathrm{max}$$\end{document}$) as the "leading object", and use just the charged particles with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm{T}\!>\!0.5\,\text {GeV} $$\end{document}$ and $\documentclass[12pt]{minimal}
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On an event-by-event basis, the leading object is used to define regions of pseudorapidity-azimuth ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ sum densities in the transverse region are calculated as the sum of the contribution in the two regions: "Transverse-1" ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pi /3<\varDelta \phi <2\pi /3$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 0.8$$\end{document}$) and "Transverse-2" ($\documentclass[12pt]{minimal}
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The contribution from CR changes in the two new tunes; it is large for the HERAPDF1.5LO and small for the CTEQ6L1 PDF. This is a result of the shape of the parton densities at small fractional momenta *x*, which is different for the two PDF sets. While the parameter $\documentclass[12pt]{minimal}
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The [pythia8]{.smallcaps} Monash Tune \[[@CR29]\] combines updated fragmentation parameters with the NNPDF2.3LO PDF.

The NNPDF2.3LO PDF has a gluon distribution at small *x* that is different compared to CTEQ6L1 and HERAPDF$\documentclass[12pt]{minimal}
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Double-parton scattering in W+dijet production {#Sec7}
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Validation of CMS tunes {#Sec9}
=======================

Here we discuss the compatibility of the UE and DPS tunes. In addition, we compare the CMS UE tunes with UE data that have not been used in the fits, and we examine how well Drell--Yan and MB observables can be predicted from MC simulations using the UE tunes. We also show that the CMS UE tunes can be interfaced to higher-order ME generators without additional tuning of the MPI parameters.

Compatibility of UE and DPS tunes {#Sec10}
---------------------------------
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Summary and conclusions {#Sec16}
=======================

New tunes of the [pythia]{.smallcaps} event generator were constructed for different parton distribution functions using various sets of underlying-event (UE) data. By simultaneously fitting UE data at several center-of-mass energies, models for UE have been tested and their parameters constrained. The improvement in the description of UE data provided by the new CMS tunes at different collision energies gives confidence that they can provide reliable predictions at $\documentclass[12pt]{minimal}
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Appendix A: Tables of tune uncertainties {#Sec17}
========================================

This section provides the values of the parameters corresponding to the eigentunes of the new CMS [pythia8]{.smallcaps} and the [herwig++]{.smallcaps} tunes. A change in the $\documentclass[12pt]{minimal}
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Appendix B: Comparisons of PYTHIA6 UE tunes to data {#Sec18}
===================================================
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Appendix D: Additional comparisons at 13 TeV {#Sec20}
============================================

In this section, a supplementary collection of comparisons among predictions of the new tunes are shown for DPS and MB observables at 13$\documentclass[12pt]{minimal}
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D.1 DPS predictions at 13 TeV {#Sec21}
-----------------------------

In Fig. [31](#Fig31){ref-type="fig"}, the predictions for the DPS-sensitive observables at 13$\documentclass[12pt]{minimal}
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